Abstract
environmental inputs has the ability to resolve the non-stationary and nonlinear feature 89 of the climate-growth relationship (Vaganov et al., 2006; Vaganov et al., 2011; Zhang 90 et al., 2011; Touchan et al., 2012) . However, the application of the VS model is limited 91 due to its complex structure and required parameter inputs. Tolwinski-Ward et al. (2011) 92 proposed a simplified version of the VS model (VS-Lite), which only requires latitude, 93 monthly temperature and precipitation as inputs. Recent studies have shown that the 94 nonlinear VS-Lite model can capture the growth trajectories of tree-ring series for a 95 variety of environmental conditions and species (Tolwinski-Ward et al., 2011; 96 over 2/3 trees were white spruce, the stand age ranged from 25 to 100 years according 145 to the Phase 3 inventory database (AESRD, 2012 ). An average of 10 trees were sampled 146 from each site. Trees for tree-ring analyses were either cored or felled. A disk of each 147 sampled tree was collected from stump height (0.3 m). In addition, two 5.1 mm 148 increment cores were collected at 1.3 m height from each sampled tree. 149 M , which determine the nonlinear tree-ring growth 205 responds to temperature and moisture. The parameters used here, as listed in Table 1,  206 are the same as those published previously (Tolwinski-Ward et al., 2011; Breitenmoser 207 et al., 2014) . A Bayesian estimation method was used for the estimation of parameters 208 of the model (Tolwinski-Ward et al., 2013) 
Results

12
Chronology lengths ranged from 28 to 81 years (Appendix S2 
Correlation analysis 231
In general, radial growth of white spruce was negatively correlated with summer 232 temperatures of the previous year (Fig. 2) . Results indicated that the radial growth in 233 four sites showed significant negative response to the temperature of previous May 234 and the radial growth in 13 sites was significantly negatively correlated with the 235 temperature of previous August (Fig. 2) . In contrast, radial growth often positively 236 correlated with the temperature during the period between October and January 237
although only a few significant responses were found (Figs. 2 and 3). In current growing 238 with four significant cases (Fig. 3) . 240 241 The radial growth of white spruce in 10 sites was significantly positively correlated 242 with previous August precipitation (Fig. 2) . Then the strong positive response to 243 precipitation gradually declined and even became negative (Fig. 2) . From January to 244
April, no clear patterns for the correlations of radial growth and precipitation were 245 observed ( Fig. 3 ). In comparison, radial growth often showed strong positive responses 246 to precipitation of current May and June (Fig. 3) . Incidentally, the responses of radial 247 growth to CMI were very similar to precipitation (Appendix S3) . 248 249
Linear mixed model 250
For all 40 sites, precipitation of both previous and current growing season often had a 251 positive effect on the radial growth (Table 2) , which was consistent with climate 252 moisture index (see Appendix S4). The temperature of previous summer negatively 253 influences the growth of white spruce, then became positive in winter, followed by 254 negative and positive effect in March and April, respectively (Table 2 ). In the following 255 season, the effect of temperature on the growth of tree-ring width turned to negative in 256 June again (Table 2 ). In contrast to the strong negative effects of temperature of 257 previous summer, the growth of white spruce was positively influenced by the 258 temperature of current July (Table 2) . 259 260 
VS-Lite model 268
A correlation analysis between the VS-Lite estimated chronologies and the true 269 chronologies found that 30 out of 40 sites were significantly correlated (mean r=0.33, 270 SD=0.11) (Appendix S5) . The simulated values of the temperature-induced growth T g 271 was generally zero in cold winter, followed by a gradually increasing and peaked in 272 summer (Fig. 4) . The soil moisture-related growth curve (Fig. 4) , the 283 forty radial growth patterns can be divided into three groups: pattern I, moisture limited; 284 pattern II, temperature limited; and pattern III, neither limited by temperature nor 285 moisture. The correlations of the averaged observed and simulated chronologies for the 286 three patterns were all significant, which were 0.465, 0.296, and 0.566, respectively 287 (Appendix S6). For example, the radial growth in sites 3 and 6 was mainly limited by 288 moisture while it was limited by temperature for the radial growth in site 8 (Fig. 4) . In 289 comparison, the simulated values of T g and M g , from June to August, were similar for 290 the radial growth in sites 1, 2 and 5, and were therefore classified as pattern III (Fig. 4) . 291
In total, the radial growth in 28 sites was limited by moisture while the temperature 292 limited ones were only found in four sites (site 08, 16, 30, 32; Fig. 4 ). There were eight 293 sites where the pattern III was found due to similar simulated values of T g and M g in 294 summer (Fig. 4) . The results indicated that the growth of white spruce was most often 295 limited by soil moisture as opposed to temperature and varied spatially. 296 297
Difference of the growth-climate relationship along different elevations, 298 latitudes, and growing degree days (GDD > 5℃) 299
The results of VS-Lite model showed, in total, the radial growth in 28 sites was limited 300 by soil moisture, which distributed extensively from 53.05° N to 58.53° (Fig. 4,18 comparison, the pattern III was found in these sites along two limited latitude: 52.05°303 N to 53.75° N, and 57.85° N to 58.78° N (Fig. 4, Appendix S2) . The correlation coefficients of radial growth and monthly total precipitation of current5d, p=0.029) and current May (Fig. 5e, p=0 .001) increased with GDD. The correlations 329 of radial growth and monthly mean temperature of previous June (Fig. 5f, p=0.016) , 330 and monthly total precipitation of current July (Fig. 5i, p=0.016 ) declined when 331 latitudes increased. In contrast, as latitudes increased, correlations of radial growth and 332 monthly mean temperature of previous November (Fig. 5g, p=0.031) , and monthly total 333 precipitation of previous June (Fig. 5h, p=0.031) increased. In the study area, GDD 334 decreased with increasing elevations while it increased with increasing latitudes (Fig.  335   6 ). In summary, the correlations of radial growth and temperature decreased with 336 increasing GDD while the correlations of radial growth and precipitation showed an 337 upward trend when the GDD increased (Fig. 5) . It suggests that the radial growth of 338 white spruce in northern stands is often more strongly limited by temperature-induced 339 drought due to the higher GDD. 340 341
Discussion
342
Growth estimates from the nonlinear process-based VS-Lite model indicated that soil 343 moisture often limited the radial growth of white spruce at most sites and temperature-344 induced drought was the primary limiting factor for radial growth. In addition, the radial 345 growth of white spruce in northern stands is often more strongly limited by temperature-346 induced drought due to the higher temperature and lower precipitation in growing 347
season. As the global climate change is in progress, specific forest managementstrategies that mitigate the potential effects of increased drought stress are needed to 349 maintain these forests. 350
Response of radial growth to climate variables 352
The correlation analysis indicated that the previous year summer temperature imposed 353 a strong negative impact on the radial growth of white spruce while the precipitation of 354 previous year had significant and positive impacts on the radial growth (Fig. 2) . In 355 summer, the high temperature can increase evapotranspiration, resulting in water deficit 356 (D'Arrigo et al., 2004; Huang et al., 2010) , which was also confirmed by the results of 357 our VS-Lite model. The impact of previous year temperature was also consistent with 358 the carry-over effect (Cook and Kairiukstis, 1990; Fritts, 2001; Rammig et al., 2015) , 359 which refers to the phenomenon that nutrient storage of the previous year also exerts 360 significant effect on the growth of the following year. Likewise, the total 361 photosynthates of previous year could be reduced owing to the temperature-induced 362 drought. As a result, the growth rate of white spruce in the following year declined due 363 to the insufficient carbohydrates stored. 364
365
In current growing season, radial growth was often positively correlated with 366 precipitation of current May and June while showed a negative response to the 367 temperature (Fig. 3) . In a water-deficit environment, sufficient precipitation can 368 promptly alleviate the drought stress and impose a positive effect on radial growth 369 through improving the production of total xylem cell (Deslauriers et al., 2016) .temperature, white spruce could perform photosynthesis to store energy and impose a 437 positive effect on the radial growth like other evergreen coniferous species (Malhi et 438 al., 1999; Miyazawa and Kikuzawa, 2005) . At last, the initiation of growth could also 439 be delayed for freezing-induced cavitation in cold winter (Wang et al., 1992) . Therefore, 440 a warmer early winter is able to facilitate the growth of white spruce in northern area. 441 442
Conclusions
443
Temperature-induced drought was the dominant limiting factor for the radial growth of 444 white spruce, which contributed to the spatial variation in climate-growth relationship 445 as well. The rate of warming in the Canadian boreal forests is predicted to be twice the 446 global average, which will likely lead to severe drought stress in Alberta boreal forests 447 over the next several decades (Price et al., 2013; Wang et al., 2014 
